We herein present a case of congenital erythrocytosis caused by haemoglobin (Hb) Bethesda in a Japanese family. A 55-year-old asymptomatic man was referred to our hospital for the investigation of erythrocytosis, which was present in other members of his family. The patient's serum erythropoietin level was normal, and the JAK2 V617F mutation was not detected. His P50 value was mildly decreased, thus we suspected the presence of an Hb variant with a high oxygen affinity. The high-performance liquid chromatography analysis showed an abnormal Hb, and by direct sequencing we identified the Hb Bethesda variant in this patient. For the differential diagnosis, we recommend the estimation of the P50 value as a practical and useful test.
Introduction
Patients with secondary erythrocytosis have a relative or absolute increase in the number of circulating red blood cells due to elevated or inappropriately normal serum erythropoietin (EPO) levels. Acquired secondary erythrocytosis is the most common form and can be caused by a high-altitude habitat, heavy smoking, or various disorders (e.g., chronic obstructive pulmonary disease, congenital heart disease, and EPO-producing tumour) (1) (2) (3) (4) . When these causes are excluded, a genetic cause involving haemoglobin (Hb) variants or the proteins of the oxygen-sensing pathway should be suspected, although these causes are rare (1) (2) (3) (4) . The presence of a high oxygen affinity Hb variant or 2,3-biphosphoglycerate mutase (BPGM) deficiency impairs oxygen release to the tissues. The oxygen dissociation curve (ODC) is shifted to the left and leads to inappropriately raised serum EPO levels with high Hb values (1) (2) (3) (4) . In this report, we describe a Japanese family who carry the Hb Bethesda variant, a haemoglobinopathy with a high oxygen affinity, and demonstrate the importance of determining the P50 value in the ODC for an accurate diagnosis.
Case Report
Our patient was a 55-year-old Japanese man living in Wakayama. During his adolescence, he occasionally suffered from headaches. Although he had had erythrocytosis detected in a health examination approximately 30 years previously, he had never visited a hospital. The patient had no history of thrombosis or pulmonary hypertension. He was a current smoker, but never consumed alcohol and his body mass index was 21.7.
Three months before being referred to our hospital, a health examination indicated severe diabetes (HbA1c 10.4 %). The patient visited his primary medical physician to treat and manage type 2 diabetes mellitus. At this time, he was recommended by the physician for a detailed investigation of erythrocytosis and was referred to our hospital. On Department of Hematology and Oncology, Kinan Hospital, Japan, Department of Hematology, Wakayama Medical University, Japan, Department of Dermatology, Wakayama Medical University, Japan, Department of Hematology, Centro Hospitalar e Universitário de Coimbra, Portugal and Department of Haematology, CCRCB, Queen's University, UK this examination, the only findings were facial and hand plethora. His vital signs were the following: blood pressure 143/80 mmHg; pulse rate 80 beats/min; and body temperature 36.0 . The laboratory data showed that he had developed erythrocytosis with Hb level of 219 g/L and haematocrit (Hct) 0.61 and the platelet count was mildly decreased (81×10 9 /L) (Table) . The white blood cell count, renal and hepatic function, and coagulation were normal. Additionally, the red cell morphology was normal. An echocardiogram revealed no thrombus in the pulmonary artery and deep vein. The serum EPO level was 20.9 mIU/mL (reference range: 4.2-23.7 mIU/mL), and the JAK2 V617F mutation was not detected. His bone marrow showed an increase in the number of erythroid cells (myeloid/erythroid ratio 0.4), with no blasts or fibrosis. There was no splenic enlargement on ultrasound and computed tomography. For the high value of Hct, an anti-platelet drug was administered at the first visit. Erythrocytosis is defined by an Hb level above 185 g/L in men and 165 g/L in women or an Hct level above 0.52 in men and 0.48 in women (1, 2) . We confirmed the laboratory data provided by the regular health examinations and primary care physicians of his affected family members. The present patient had a family history with an autosomal dominant mode of inheritance affecting at least 8 family members spanning 3 generations ( Fig. 1) . His family has no history of thrombosis or miscarriage. From the laboratory data obtained in our hospital, his son also exhibited erythrocytosis (Hb 201 g/L, Hct 0.60) and had a slightly low platelet count (130×10 9 /L) with a serum EPO level in the normal range.
In our index case, an arterial blood gas analysis demonstrated normal oxygen saturation, while the P50 value in the ODC showed a mild decrease (23.75 mmHg; reference range: 25-29 mmHg) (Table) . According to these findings, we strongly suspected the presence of a Hb variant with a high oxygen affinity or 2,3-BPGM deficiency (1) (2) (3) (4) (5) .
This study was approved by the Institutional Review Boards of Kinan Hospital in accordance with the Declaration of Helsinki. Our patient and his son gave informed written consent. Blood samples were obtained from the patient and his son. An analysis by high-performance liquid chromatography (HPLC) (Tosoh G7 Automated HPLC Analyzer, Tosoh Bioscience, San Francisco, USA) (3, 6) revealed normal levels of both HbF (1.3 %) and HbA2 (2.4 %); however, an unknown peak (27.8%) was identified, thus suggesting the presence of an abnormal Hb variant (Fig. 2) .
Therefore, we preformed direct Sanger sequencing of the Hb β-chain (HBB) gene using DNA isolated from the blood samples of the present patient and his son (3, 4) . A heterozygote mutation in exon 3 of the HBB gene, c.436T>C, was identified in both cases (Fig. 3 ). In the former nomenclature, the first codon of the protein sequence (the initiation codon) in the HBB was not numbered; however, it is now considered to be the first codon. Thus, the nomenclature of the other codons has increased by one number. Therefore, this mutation in the present case results in the substitution of tyrosine by histidine at amino acid position 146 in the HBB protein product, a known high-affinity variant referred to as Hb Bethesda [beta 145(HC2) Tyr>His in the past] (7-12). We were able to reach the definitive diagnosis of congenital erythrocytosis due to the presence of a high affinity Hb variant, which, although rare, is the most frequent cause of congenital erythrocytosis (1-4, 12 ).
Discussion
The family history of Hb Bethesda presented herein is the eighth such familial case in the world (7) (8) (9) (10) (11) (12) (13) . Moreover, it is the second familial case in Japan with the first reported 20 years ago (12) . The reason for the limited number of reported cases with Hb Bethesda is that there are many unclear elements regarding its clinical presentation. The patients with a high oxygen affinity Hb variant, including Hb Bethesda, typically develop secondary erythrocytosis caused by an inappropriate EPO production due to a decrease in the supply of oxygen to tissues (1) (2) (3) (4) (7) (8) (9) (10) (11) (12) . In fact, the EPO level in this patient was within the normal range despite a Hct value of 0.61. The first case in Japan also showed an inappropriately normal EPO level with a raised Hct value (12) . To date, there have been no reports of increased cardiac and cerebrovascular complications or oncogenesis in the patients with Hb Bethesda (7) (8) (9) (10) (11) (12) (13) . The patients with Hb Bethesda have a few distinct physical findings, although it is thought that the clinical presentation is similar to other forms of secondary erythrocytosis with a high oxygen affinity. For instance, plethora was observed in the face, hands and feet of the present patient and the family members diagnosed with erythrocytosis. Furthermore, frequent headaches appeared to be a common symptom within the family, although no other findings were suggestive of hyperviscosity syndrome. While the present patient had comparatively high levels of Hb compared with the previous reports to date, this was believed to be due to his history of smoking; therefore, the patient has been advised to refrain from smoking (7) (8) (9) (10) (11) (12) (13) .
Hb Hiroshima is another form of high oxygen affinity Hb and cases are often concentrated in particular areas of Japan. The amino acid residue affected in Hb Hiroshima [HBB: c.439C>G; beta 146(HC3) His>Asp in the past] is located one amino acid downstream from the abnormal region of Hb Bethesda, both are located within the C-terminus tail of the β-globin chain (14, 15) . The region of β-globin is an important site that controls oxygen affinity by stabilising the deoxy conformation of HbA. The patients with a genetic abnormality in these regions present with secondary erythrocytosis due to defects in oxygen dissociation (14, 15) . The presence of a Hb variant may be diagnosed in the course of the determination of HbA1c, by unexpectedly low or high HbA1c levels, as in the case of Hb Hiroshima. Therefore, particular care must be taken in daily medical practice due to deviations between the HbA1c values and actual blood sugar levels (15) (16) (17) (18) . While the present patient had high levels of HbA1c, his fasting blood sugar was concurrently high and the patient's HbA1c levels were mostly normalised after initiating oral medication for diabetes, leading to good glycaemic control. Hb Bethesda most likely does not affect the HbA1c levels because the abnormal variant was not present at the HbA1c melting point.
Secondary erythrocytosis due to high oxygen affinity Hb variants is generally believed to have a favourable prognosis. However, many aspects regarding the detailed treatment and follow-up still remain unclear. When the symptoms such as a headache are present, venesection therapy may be effective. Meanwhile, the limited number of reports makes it unfeasible to conduct a clinical trial and the true value of venesection is unclear (19, 20) . Some reports have described cases of secondary erythrocytosis caused by high oxygen affinity Hb variants with hyperviscosity syndrome or thrombosis that required treatment (20) (21) (22) . On the basis of the above cases, when a patient has symptoms associated with erythrocytosis or episodes of thrombosis, close follow-up on an outpatient basis is required, and treatments such as venesection therapy or anti-platelet therapy should be considered. For patients in a good general condition, a follow-up once every 6 to 12 months is adequate. Most cases of Hb Bethesda do not include reports of thrombocytopenia, although mild thrombocytopenia was seen in the present patient as in the first reported case of Hb Bethesda in Japan (7) (8) (9) (10) (11) (12) (13) . In addition, his Hct was in excess of 60%, which is indicative of pre-stage hyperviscosity syndrome. The present patient was thus given an anti-platelet drug and is undergoing outpatient follow-up every two months.
We encounter many cases of erythraemia in routine clinical practice, but the majority of these are due to acquired causes, including polycythaemia vera. While these cases are broadly classified as EPO-dependent or -independent, a diagnostic method has now been established using molecular biology techniques to analyse mutations, for instance in the JAK2 gene (23) . Meanwhile, algorithms for a definitive diagnosis are being established for congenital erythrocytosis, for which the number of cases is also small (1-4). Among these algorithms, a P50 measurement using an apparatus to analyse blood gases is a fast and simple test with proven efficacy that reflects a shift in the ODC (1) (2) (3) (4) (5) 24) . In addition to a family history, a low P50 level in the present patient was observed using the automated blood gas analyser, which strongly suggested the presence of a high oxygen affinity haemoglobinopathy. HPLC was consequently performed, and we were able to confirm the presence of an abnormal Hb variant. Some previous cases with Hb Bethesda also showed a low P50 value (<13 mmHg), although the value was measured by in vitro experiments of the ODC (8-10, 12, 13) . Hence, for the patients in whom acquired erythrocytosis is diagnosed by exclusion, a P50 measurement is recommended (1) (2) (3) (4) (5) 24) . Despite this, patients suspected of having congenital erythrocytosis, in whom a definitive diagnosis is possible, account for approximately 30% of all cases (3, 4, 13) . A definitive diagnosis may be expected in the patients where the cause of the disease is unknown by performing a genetic analysis using next-generation sequencing on an individual basis.
We herein successfully diagnosed an extremely rare Hb variant (Hb Bethesda) in a Japanese family. The P50 measurements served as an important step during the course of the definitive diagnosis (1) (2) (3) (4) (5) . Many patients with erythrocytosis, whom we encounter in daily medical practice, may have hidden haemoglobinopathies, such as Hb Bethesda, highlighting the importance of differentiating various types of congenital erythrocytosis (1) (2) (3) (4) (5) .
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